T HE INTRACELLULAR SECOND messenger cAMP mediates most effects in thyroid cells of the physiological regulator TSH as well as the pathological consequences of TSH receptor deregulation by activating mutations or thyroid-stimulating TSH receptor autoantibodies (1, 2). As reproduced in various in vitro dog thyroid models, including tissue slice incubations (3) and thyrocyte primary cultures (4), TSH exerts a unique range of regulatory activities, including acute stimulation of thyroid hormone synthesis and secretion; induction of differentiation-related genes [thyroglobulin, thyroperoxidase (TPO), sodium/iodide symporter (NIS), thyroid nicotinamide adenine dinucleotide phosphate oxidases (Duox)] (2); triggering of cell cycle progression and cell proliferation (5); and various morphological changes that involve Rho protein inactivation (6) and actin cytoskeleton reorganization (7), more delayed reduction of the synthesis of microfilament proteins (8), and up-regulation of E-cadherin (9). These different regulatory functions of TSH are perfectly mimicked by adenylyl cyclase activators (cholera toxin, forskolin) and dibutyryl cAMP, suggesting that they are mediated by the elevation of cellular cAMP induced by TSH (1, 5). Downstream of cAMP, the signaling involved in the TSH action is still largely unknown. In dog thyrocytes, TSH and cAMP do not activate Ras (10), the different MAPKs (11, 12), or the phosphatidylinositol 3-kinase/protein kinase B (PKB) pathway (13). Nevertheless, cAMP acutely stimulates the phosphorylation and activity of p70 S6K1 (13), and it activates the small G protein Rap1 (14).
T HE INTRACELLULAR SECOND messenger cAMP me-
diates most effects in thyroid cells of the physiological regulator TSH as well as the pathological consequences of TSH receptor deregulation by activating mutations or thyroid-stimulating TSH receptor autoantibodies (1, 2) . As reproduced in various in vitro dog thyroid models, including tissue slice incubations (3) and thyrocyte primary cultures (4), TSH exerts a unique range of regulatory activities, including acute stimulation of thyroid hormone synthesis and secretion; induction of differentiation-related genes [thyroglobulin, thyroperoxidase (TPO), sodium/iodide symporter (NIS), thyroid nicotinamide adenine dinucleotide phosphate oxidases (Duox)] (2); triggering of cell cycle progression and cell proliferation (5) ; and various morphological changes that involve Rho protein inactivation (6) and actin cytoskeleton reorganization (7), more delayed reduction of the synthesis of microfilament proteins (8) , and up-regulation of E-cadherin (9) . These different regulatory functions of TSH are perfectly mimicked by adenylyl cyclase activators (cholera toxin, forskolin) and dibutyryl cAMP, suggesting that they are mediated by the elevation of cellular cAMP induced by TSH (1, 5) . Downstream of cAMP, the signaling involved in the TSH action is still largely unknown. In dog thyrocytes, TSH and cAMP do not activate Ras (10) , the different MAPKs (11, 12) , or the phosphatidylinositol 3-kinase/protein kinase B (PKB) pathway (13) . Nevertheless, cAMP acutely stimulates the phosphorylation and activity of p70 S6K1 (13) , and it activates the small G protein Rap1 (14) .
With the exception of cAMP-regulated ion channels in specialized cells, all effects of cAMP were initially attributed to the activation of type I and type II cAMP-dependent protein kinases (PKAs) (15, 16) . More recently, two other targets of cAMP, exchange proteins directly activated by cAMP (Epac) 1 and 2 (17, 18) , have been demonstrated to mediate cAMP responses (19 -21) . In vitro, binding affinities of cAMP for PKA and Epac are similar (22) . Epac1 and Epac2 act as guanine-nucleotide-exchange factors for Rap1 and Rap2 (17, 18) , but not all functions of Epac are mediated by Rap proteins (19, 20, 23, 24) . Epac2 has an additional N-terminal cAMP-binding domain and is present in a narrow range of tissues with a prominent expression in brain and adrenal glands. Epac1, although more broadly expressed, has a particularly strong expression in tissues like the kidney, ovary, and thyroid gland (18) .
The purpose of the present study was to investigate whether Epac1 was expressed in the thyroid epithelial cells themselves and, if so, to study whether it was responsible for any of the numerous known cAMP-mediated effects of TSH in such cells. Primary cultures of canine thyrocytes are one of the most thoroughly validated in vitro system for TSH action (4, 5) . In these cells, we have previously shown that Rap1 activation by TSH and forskolin is resistant to PKA inhibitors (14) . Moreover, whereas microinjection of the PKA inhibitor inhibits the stimulation by TSH of thyroglobulin accumulation (completely) and DNA synthesis (only partially) in such cells, the microinjection of the PKA catalytic subunit (cPKA) only induces the disruption of microfilaments and morphological changes, phosphorylation of cAMP response element-binding protein (CREB), and TPO mRNA accumulation (25) . The cAMP-dependent activity of the NIS gene promoter has also been found to be partially independent of PKA activity (26) .
We have, in a joint effort with Drs. F. Schwede and H. G. Genieser (Biolog Life Science Institute, Bremen, Germany) and Drs. J. L. Bos and J. de Rooij (University Medical Center Utrecht, Utrecht, The Netherlands), developed and characterized cell-permeable activatory cAMP analogs that discriminate nearly completely between Epac or PKA (27, 28) . Whereas N 6 -substituted cAMP analogs such as N 6 -benzoylcAMP (6-BNZ) and N 6 -monobutyryl-cAMP (6-MB) activate PKAs but not Epac (28), 8-p-chloro-phenyl-thio-2Ј-O-methylcAMP (8-pCPT-2ЈOMe-cAMP) does not activate PKAs but acts as a superactivator of Epac (22, 27, 29) . These analogs have proven very useful in other cell systems to dissect whether cAMP-dependent biological functions are mediated by PKAs or Epac (28, 30 -33) and were validated for specificity also in the dog thyrocyte system (Ref. 28 and the present study). Using these analogs, we found in the present study, surprisingly, that none of the known cAMP-mediated TSH effects in dog thyrocytes required activation of Epac.
Materials and Methods

Epac mRNA detection by RT-PCR
Total RNA was isolated from human thyroid and brain, treated with deoxyribonuclease I, reverse transcripted to cDNA, and then used as template in PCRs for both Epac1 and Epac2 amplification. Primers were: Epac1, forward, 5Ј-GCCCAAACCTCATCCGAGAC-3Ј and Epac1, reverse, 5Ј-GAGCTGCTGCACATCAAGGC-3Ј for Epac1 amplification, and Epac2, forward, 5Ј-CCACACCTACACAACCATTC-3Ј and Epac2, reverse, 5Ј-GCTCATCAGTTCAAAAGTTCCC-3Ј for Epac2 amplification. Thermocycler conditions were 25 cycles of 93 C for 1 min, 57 C or 54 C for 1 min for Epac1 or Epac2, respectively, and 72 C for 1 min. Amplification products were assessed by 1% agarose gel electrophoresis.
Dog Epac1 cDNA isolation
The dog Epac1 cDNA was isolated by screening at low stringency a ZapII dog thyroid cDNA library (34) with a 2.8-kb SalI/NotI fragment of human Epac1 cDNA. Eighteen positive clones were purified and analyzed by automated sequencing using the Big Dye Terminator kit (Applied Biosystems, Foster City, CA). Eleven were coding for fulllength or partial dog Epac1. Three independent full-length clones (3191 bp) were entirely sequenced. The coding sequence (2646 bp) showed 91 and 86% of identities with human (GenBank accession no. U78168) and rat (GenBank accession no. NM_021690), respectively, as determined by BLAST 2 analyses. The dog Epac1 cDNA sequence was registered in GenBank database under the accession no. EF_636666. Dog and human Epac1 cDNA were inserted in pcDNA3 and pcDNA3-His plasmids to transfect Cos-7 cells using the FuGENE 6 reagent (Roche, Basel, Switzerland).
Production of Epac1 antibodies
Production of two specific rabbit polyclonal anti-Epac1 antibodies was performed by Eurogentec (Liège, Belgium). Rabbits were immunized by injection of two different dog Epac1 peptides coupled to keyhole limpet hemocyanin as a carrier. The serum Sb513 was obtained against the peptide PGPEPEPAGVHELEEEL, a region identical among dog, rat, and human, located between the DEP and the CBP domains. Sb515 was obtained using the peptide ERASQGAGPSRPPTP, located between the CBD and the REM domains. Antibodies were tested and characterized for Western blotting and immunofluorescence detection of Epac1, on both thyroid cells and Cos-7 cells transfected with dog and human Epac1 cDNA. Their specificity was determined by preincubating sera with the peptide used for immunization. Antibodies were purified by affinity chromatography.
Cell cultures
Dog thyroid epithelial cells (obtained according to a protocol approved by the Institutional Animal Use Committee), seeded as follicles (ϳ2 ϫ 10 4 cells/cm 2 ), were cultured in monolayer in a medium that included DMEM, Ham's F12 medium, and MCDB 104 medium (2:1:1, vol/vol) supplemented by ascorbic acid (40 g/ml) and antibiotics (35) . As indicated, bovine insulin (5 g/ml) (Sigma, St. Louis, MO) was added or not to this medium since the seeding. Four or 5 d after seeding, quiescent cells were treated as indicated in figure legends. The various agents used in this study were bovine TSH, murine epidermal growth factor (EGF), recombinant hepatocyte growth factor (HGF), 12-O-tetradecanoylphorbol-13-acetate (TPA), and bovine insulin (all purchased from Sigma). Forskolin was from AG Scientific (San Diego, CA), and cAMP analogs [8-p-chloro-phenyl-thio-cAMP (8CPT-cAMP), 8-pCPT2ЈOMe-cAMP, 6-MB, 6-BNZ] were from BIOLOG Life Science Institute (Bremen, Germany).
For primary cultures of human thyrocytes, thyroid tissue samples were obtained from patients undergoing surgery for a hypofunctioning nodule, following a protocol approved by the Ethics Committee of the Medical School of the Free University of Brussels. Only histologically normal perinodular tissue was used. Human thyrocytes from follicles released by collagenase/dispase digestion of minced tissue (36) were cultured as described above, except that the medium was supplemented with 0.5% fetal calf serum during the first 24 h to facilitate cell spreading (36) .
Rat thyroid cell lines (FRTL-5, PC Cl3, WRT) were obtained and cultured as previously described (37) .
Ex vivo thyroid tissue slice incubations
Dog thyroid tissue was sliced at room temperature with a Stadie-Rigg microtome (Arthur Thomas, Philadelphia, PA). Thyroid slices (ϳ50 mg wet weight) were incubated at 37 C under an atmosphere of O 2 -CO 2 (95:5, by volume) for 1 h in 2 ml Krebs-Ringer bicarbonate buffer (pH 7.4) containing 8 mm glucose and 0.5 mg/ml BSA. The medium was then replaced by fresh medium supplemented with stimulating agents as indicated.
DNA synthesis
Cells in 3.5-cm petri dishes were stimulated for 48 h by the various mitogenic agents. Bromodeoxyuridine (BrdUrd) was added for the last 24 h. BrdUrd incorporation was detected by immunofluorescence, and BrdUrd-labeled nuclei were counted (1000/dish) as described (38) .
Indirect immunofluorescence detection of Epac1 and actin
Cells in petri dishes were fixed with either paraformaldehyde 1% for 90 sec followed by methanol at Ϫ20 C for 10 min (Epac1 detection) or methanol at Ϫ20 C for 10 min (actin detection), permeabilized with 0.1% Triton X-100 in PBS (pH 7.5) at room temperature and blocked for 20 min with normal sheep serum (5% in PBS containing 0.05% BSA). They were then incubated overnight at 4 C with the Epac1 antibodies (Sb513 or Sb515; 1:1000) or a rabbit antiactin antibody (1:50; Sigma) diluted in PBS containing 0.05% BSA. After washing, cells were incubated for 2 h with fluorescein-conjugated antirabbit IgG.
Western blotting detection of proteins
Western blotting was performed as described (6) using the following antibodies: rabbit Sb513 antibody for dog Epac1 detection; rabbit Sb515 for human and rat Epac1 detection; rabbit antiphospho (Ser133)-CREB (Ab5322) and anti-CREB (Ab244) (both antibodies were a kind gift of Dr. M. Montminy, The Salk Institute, La Jolla, CA); mouse monoclonal antiphospho-p42/p44 MAPK (Thr202/Tyr204; Cell Signaling Technology, Beverly, MA), anti-MAPK [ERK2 (C-14); Santa Cruz Biotechnology, Santa Cruz, CA], mouse antiphospho-c-Jun N-terminal kinase (JNK) (Thr183/Tyr185) and rabbit anti-JNK1 (C17) (Santa Cruz Biotechnology), and rat monoclonal anti-E cadherin (DECMA-1; Sigma). Our antibodies against thyroglobulin (25) and Duox1 (39) have been characterized previously.
Northern blotting mRNA analyses
Subconfluent cell monolayers (from a 9-cm dish) were rapidly scraped in 1 ml of TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA was extracted using the TRIzol reagent kit followed by purification on RNeasy columns (QIAGEN, Valencia, CA) according to the manufacturer protocols. RNA concentration was quantified spectrometrically. Eight micrograms of total RNA were denatured in glyoxal and fractioned by electrophoresis on a 1% agarose gel. RNA quality was verified by acridine orange staining. RNAs were transferred to a nylon membrane (pall Biodyne A) using saline sodium citrate ϫ 20. The membranes were probed with ␣ 32 P-ATP-labeled probes: human Epac1 cDNA (2.8-kb SalI/NotI fragment), mouse Epac2 cDNA (1.7 kb SalI/NotI fragment), dog TPO cDNA (2 kb BamHI fragment), and rat NIS cDNA (2.4-kb EcoRI/XmnI fragment) (6).
Rap1 activation assay
Rap1 activation was determined by fishing its GTP-bound fraction as previously described (14) . After stimulation, cells (from a 6 cm culture dish) were rapidly washed twice with ice-cold PBS and lysed in 1 ml of glutathione-S-transferase (GST)-fish buffer [10% glycerol, 1% Nonidet P-40, 50 mm Tris (pH 7.4), 200 mm NaCl, 2.5 mm MgCl 2 supplemented with protease inhibitors]. Lysates were clarified by centrifugation and supernatants were incubated for 45 min at 4 C with 15 g of (GST)-RalGDS-Ras-binding domain peptide precoupled to glutathioneagarose beads. After incubation, beads were washed four times in the GST-fish buffer and then resuspended in sodium dodecyl sulfateLaemmli sample buffer. Samples were loaded on sodium dodecyl sulfate-polyacrylamide gel (15%) and transferred to polyvinyl difluoride membranes. Immunodetection was performed using a monoclonal Rap1 antibody (Transduction Laboratories, Lexington, KY). Aliquots (20 l) of the initial lysate were also resolved to ascertain that the same total of Rap1 protein was assayed.
p70 S6 kinase assay p70 S6 kinase activity was measured from cells in 10-cm dishes using an in vitro radioactive phosphorylation assay with the RRRLSSLRA peptide as substrate as described previously (13) .
Assays of dog thyrocyte functions
Iodide import was evaluated by the uptake of radioiodide at equilibrium as described (40) . H 2 O 2 generation was measured as previously described (41) .
Free T 3 and T 4 hormones secretion
Dog thyroid tissue slices were incubated as described above in medium supplemented with stimulating agents for 2 h. Free T 3 and T 4 hormones were assayed by RIA in this medium after filtration through a Microcon-30 filter (Millipore, Bedford, MA). The values were normalized by the thyroid slice weight. Mean values were from triplicates.
All the experiments were reproduced in independent cultures at least twice and in general three or four times with similar results.
Results
Epac1 is highly expressed in primary dog thyrocytes, and its expression is further increased by TSH
Expression of Epac 1 and 2 was assessed by Northern blotting analyses in dog thyroid primary cultures. As shown in Fig. 1 , Epac1 mRNA (3.2 kb) was detected in control and stimulated cells. Its expression was up-regulated by TSH and by forskolin, a direct adenylyl cyclase activator, indicating that this effect was mediated through cAMP. The increase of Epac1 mRNA became apparent 8 -16 h after stimulation. By contrast, EGF and HGF, which stimulate proliferation but inhibit differentiation expression in dog thyrocytes (42, 43) , did not increase Epac1 mRNA expression and only weakly decreased the TSH-stimulation of Epac1 mRNA level ( Fig. 1 ). Epac2 mRNA was not detected by Northern blotting, neither in control nor cAMP-stimulated dog thyroid cells (not shown). The absence of Epac2 mRNA in thyroid cells was confirmed by RT-PCR performed on total RNA isolated from primary cultures of human thyrocytes (not shown). In those experiments, human brain RNA was used as positive control.
To study Epac1 protein expression in dog thyroid cells, anti-Epac1 antibodies were developed. The dog Epac1 cDNA was first isolated by screening at low stringency a dog thyroid cDNA library using the human Epac1 cDNA as a probe. The dog Epac1 cDNA (apparently corresponding to full length transcript on the basis of comparison with Epac1 cDNAs of human and rat origins) is 3191 bp long and encodes an 881-amino acid protein sharing 94.3 and 91.6% identity with human and rat Epac1, respectively. Two synthetic dog Epac1 peptides were chosen to generate Epac1 antibodies by immunization of rabbits. Their sera were tested in Western blotting analyses using transfected Cos-7 cells overexpressing dog or human Epac1 and dog thyrocytes. As shown in Fig. 2A , a single band of the expected size (about 100 kDa) was detected with the Sb513 and Sb515 sera in Cos FIG. 1. Epac1 mRNA expression in primary cultured dog thyroid cells. In the upper panel, cells were stimulated for 48 h by TSH 1 mU/ml (T), EGF 25 ng/ml (E), HGF 50 ng/ml (H) alone or in combination, or maintained in control medium containing 5 g/ml insulin (C). The other panels show kinetics of stimulation by TSH (1 mU/ml) or forskolin (10 Ϫ5 M; Forsk).
cells expressing dog Epac1 protein. This band was not present in nontransfected cells and disappeared when sera were preincubated with the peptide used for immunization. Both antibodies also specifically detected human Epac1 in transfected Cos cells (not shown). Dog Epac1 was more strongly detected using Sb513 sera, whereas Sb515 was more reactive for human Epac1 (not shown).
In dog thyroid cells, both antibodies unexpectedly detected Epac1 as a doublet with the lowest band migrating like dog Epac1 produced in Cos cells (Fig. 2A) . The detection of both bands was competed by the immunogenic peptide, suggesting that Epac1 is expressed under at least two forms in dog thyrocytes. Both forms were similarly up-regulated in response to TSH and forskolin (Fig. 2, A and B ), but they were not modulated by cAMP-independent stimuli (EGF, insulin, and the phorbol ester TPA), consistent with the Northern blot mRNA results. Epac1 protein was also detected as a doublet in human thyrocytes and the rat WRT thyroid cell line, but only the upper band was found in FRTL-5 and PC Cl3 rat thyroid cell lines (Fig. 2C) .
Indirect immunofluorescence experiments were performed using these antibodies to assess the subcellular localization of Epac1 in dog thyrocytes (Fig. 3) . All the cells uniformly displayed a diffuse signal in their cytoplasm and nucleus, with a prominent signal at the nuclear membrane (as indicated by arrows in Fig. 3F ). No staining of Epac1 was observed at the plasma membrane. Forskolin did not affect Epac1 localization, but after 24 h treatment the overall intensity was increased, consistent with the up-regulation of Epac1 shown above (Fig. 3) . Observations were identical using Sb513 and Sb515 antibodies (not shown). The specificity of the detection was assessed by preincubating the antibody with the immunogenic peptide, leading to almost complete disappearance of the signal (Fig. 3E ).
We conclude that the level of Epac1 mRNA and protein increased in response to cAMP elevation, and that Epac1 had a predominantly nuclear envelope localization, in agreement with findings in some other cell types (44 -46) .
Use of selective PKA and Epac activators to evaluate the relative contribution of PKA and Epac to cAMP-induced signal transduction cascades in thyrocytes
We first verified the ability of the PKA selective activators, 6-BNZ and 6-MB, and Epac activator 8-pCPT-2ЈOMe-cAMP to selectively stimulate Ser133 phosphorylation of CREB or activate Rap1, which was previously demonstrated in dog thyrocytes to be dependent or independent of PKA, respectively (14, 25) . As shown in Fig. 4A , a wide range of concentrations (3-300 m) of 8-pCPT-2ЈOMe-cAMP fully mimicked the activation of Rap1 by forskolin without stimulating the phosphorylation of CREB. Conversely, at concentrations up to 1 mm, 6-MB and 6-BNZ fully mimicked the stimulation by forskolin of CREB phosphorylation without activating Rap1 (Fig. 4A) . The PKA-independent activation of Rap1 by cAMP (14) is thus mediated by Epac. We conclude that the analogs were able to discriminatively activate PKA and Epac in the dog thyrocytes.
The activation of MAPKs ERK1/2 (27, 47, 48) and JNKs (23) have been variously reported as being stimulated or inhibited by Epac and PKA in different cell types. We failed to detect any activating phosphorylations of p42/p44 ERKs Ϫ5 M) during increasing time periods (B-F). Epac1 protein was detected by indirect immunofluorescence using purified Sb515 antibody. E, The antibody was preincubated with the immunogenic peptide. Cells were photographed using the ϫ20 lens (A-E) and ϫ50 lens (F). Arrows (F) point to the nuclear membrane.
or p46/p54 JNKs in response to activation of Epac or PKA. Neither did 8-pCPT-2ЈOMe-cAMP combined with 6-MB appreciably stimulate the phosphorylations of ERK1/2 or JNK1/2 (Fig. 4B) . Under such conditions, phosphorylation of Rap1 by PKA should occur, which may modulate both the activity and function of Rap1 toward downstream effectors (49 -51) . Thus, at variance with other reports (23, (52) (53) (54) (55) , Epac-mediated activation of Rap1 is not coupled to activation of ERKs or JNKs in dog thyrocytes. We concluded that dog thyrocytes are different from some other cell types in being unresponsive to either PKA or Epac activation with regard to activation of ERK1/2, consistent with our previous reports that TSH and forskolin neither activate nor inhibit MAPKs in these cells (11, 12, 56) and with the observation (27) that Epac stimulation fails to activate ERK1/2 in several cell types. p70 S6K activity is stimulated by forskolin and TSH in dog thyrocytes. This activation is not mediated by PKB, which is not activated by cAMP in these cells, but it is inhibited by rapamycin, suggesting that it reflects cAMP-dependent activation of mammalian target of rapamycin by a still-undefined mechanism (13) . As shown in Fig. 4C, 6 -MB but not 8-pCPT-2ЈOMe-cAMP fully mimicked the effects of forskolin and TSH on p70 S6K activity, indicating that they are mediated by PKA rather than Epac.
The effects of cAMP on cell morphology, actin organization, and cell spreading are mediated by PKA
As a further test of the specificity of the cAMP analogs used, we studied their ability to reproduce the effects of TSH to induce an acute reorganization of actin microfilaments, involving disruption of stress fibers and redistribution of actin at the cell junctions and membrane ruffles, followed by cell retraction and arborization. These effects are supposedly mediated solely by PKA because they are reproduced by microinjected active cPKA and inhibited by microinjected PKA inhibitor (25, 57) . As illustrated in Fig. 5, A and B, both rapid effects of forskolin and 8CPT-cAMP (a nonselective cAMP analog) on actin organization and their delayed morphological effects were mimicked by 6-MB and 6-BNZ but not at all by 8-pCPT-2ЈOMe-cAMP. This confirms further the selectivity of the analogs used.
FIG. 4. A, Effect of the selective cAMP analogs on Rap1 activation and CREB Ser133 phosphorylation. Dog thyroid cells were stimulated in the absence of insulin with none (C), forskolin (F; 10
Ϫ5 M), or increasing concentrations of 8-pCPT-2ЈOMe-cAMP, 6-MB-cAMP (6-MB-cA), or 6-BNZ-cAMP (6-BNZ-cA). For CREB phosphorylation, cells were stimulated for 1 h; phospho-CREB was detected by Western blotting using the specific phospho-CREB antibody (Ab5322) and total CREB using Ab244 anti-CREB antibody. For Rap1 activation, cells were stimulated for 15 min; GTP-bound Rap1 was isolated by GST-pulldown assay followed by Western blotting using an anti-Rap1 antibody, as described in Materials and Methods. The bottom panels show total Rap1 amounts from the initial cell extracts. B, Effect of the selective cAMP analogs on phosphorylation of MAPKs (p42 and p44) and JNKs (p46 and p54). Dog thyroid cells were stimulated with 10 Ϫ5 M forskolin (F) or 6MB-cAMP (6-MB; 500 M) or 8-pCPT-2ЈOMe-cAMP (20 or 100 M) alone or together for 15 min. Cells stimulated using TPA (100 ng/ml) or sorbitol (Sorb; 400 mM) were used as positive controls for phosphorylation of ERKs and JNKs, respectively. Phospho-MAPK (Thr202/Tyr204) and phospho-JNK (Thr183/Tyr185), total p42 MAPK, and total p46 JNK1 were immunodetected from whole-cell extracts. C, Effect of the selective cAMP analogs on p70 S6K activity. Dog thyroid cells were stimulated for 30 min with forskolin (Forsk; 10 Ϫ5 M), TSH (1 mU/ml), insulin (INS; 5 g/ml), 6MB-cAMP [100 M (6MB 100) or 500 M (6MB 500)], and 8-pCPT-2ЈOMe-cAMP (20 M) alone or combined with 6MB-cAMP. p70 S6K activity was assayed as described in Materials and Methods. Dog thyroid follicles released by collagenase digestion of tissue rapidly attach to plastic substrate (within 10 min), and the cells then progressively spread out as a monolayer (within 2-3 d), even in the complete absence of serum and exogenous extracellular matrix proteins. Addition of TSH or forskolin during follicle seeding strongly slows down this process, likely as a result of microfilament disruption, reduction of tropomyosin synthesis (8) , and increased cell-cell adhesion. The reduction of cell spreading by forskolin was completely mimicked by 6-MB and thus mediated by PKA activation, whereas 8-pCPT-2ЈOMe-cAMP alone or combined with 6-MB did not affect the cell spreading (Fig. 5C) .
Therefore, at least at this superficial level of observation, cAMP-dependent modifications of dog thyrocyte shape, actin organization, and cell spreading did not involve Epac or Epac-activated Rap1. This is puzzling in view of the strong supposed role of Epac/Rap in the control by cAMP of integrin-mediated cell adhesion, cadherin-mediated cell junction formation, and actin dynamics in several other cell types (reviewed in Ref. 58 ).
The cAMP-dependent induction of DNA synthesis is mediated by PKA only
In the presence of insulin, TSH, forskolin, or nondiscriminatory cAMP analogs trigger and support cell cycle progression and DNA synthesis in dog thyrocytes through a process that involves a late control of the passage through the G 1 phase restriction point by cyclin D3-CDK4 (38, 59 -61) . As shown in Fig. 6 , the PKA-selective cAMP analogs 6-MB and 6-BNZ fully reproduced the induction of DNA synthesis by forskolin or 8-bromo-cAMP. By contrast, 8-pCPT-2ЈOMe-cAMP did not induce DNA synthesis. Moreover, it did not potentiate, or prevent, the induction of DNA synthesis by the PKA-selective cAMP analogs used at submaximal concentrations (Fig. 6) . Hence, at variance with previous conclusions derived from the failure to induce DNA synthesis by microinjection of active cPKA (25, 62) , PKA activation is not only required (25) but also fully sufficient to mediate the cAMP-dependent mitogenesis in thyroid cells. 
The cAMP-dependent induction of thyroid gene expression is mediated by PKA only
The expression of various proteins required for thyroid hormone synthesis, including thyroglobulin (42), TPO (63), NIS (6) , and Duox (39) , is induced by TSH and forskolin in dog thyrocytes. The cell-cell adhesion protein E-cadherin is also regulated as a differentiation marker in these cells (9) . The induction by forskolin of these different proteins and mRNAs was completely reproduced by the PKA-selective cAMP analogs 6-MB and 6-BNZ (Fig. 7) . By contrast, 8-pCPT2ЈOMe-cAMP was devoid of any effect, alone or combined with the PKA-selective cAMP analogs (Fig. 7) . These observations indicate that PKA activation is sufficient to mediate the cAMP-dependent induction of the most relevant thyroid differentiation genes.
Interestingly, also the accumulation of Epac1 itself was stimulated by PKA activators but not the Epac-selective cAMP analog, although a slight tendency was noted toward higher expression of Epac1 in cells stimulated with either forskolin or a combination of PKA analog and Epac analog than in cells stimulated with PKA analog alone (Fig. 7) .
The cAMP-dependent stimulation of functions directly related to thyroid hormone production is mediated by PKA only
Iodide uptake, H 2 O 2 generation, and thyroid hormone (T 3 , T 4 ) secretion are central thyroid functions under the control of TSH. Consistent with the PKA-stimulated expression of the iodide transporter NIS (Fig. 6) , the iodide uptake was induced by the PKA-selective cAMP analog 6-MB but not affected by the Epac-selective analog 8-pCPT-2ЈOMe-cAMP used alone or combined with various concentrations of 6-MB (Fig. 8A) .
H 2 O 2 generation is considered the rate-limiting step for thyroid hormone synthesis. Whereas its acute activation is achieved mainly by Ca 2ϩ -and PKC-dependent pathways (64), it is also moderately stimulated by cAMP, particularly in dog thyrocytes (65) . This rapid effect should be distinguished from the strong tonic modulation of H 2 O 2 generation by cAMP (41) , which reflects the up-regulation of Duox proteins in dog thyrocytes (39) . As shown in Fig. 8B , the acute stimulation of H 2 O 2 production by forskolin in dog thyrocytes was fully reproduced by the PKA-selective analogs 6-MB and 6-BNZ and not affected by 8-pCPT-2ЈOMe-cAMP used alone or combined with 6-MB or 6-BNZ.
The acute stimulation by TSH or forskolin of the secretion of thyroid hormones involves the macropinocytosis of luminal iodinated thyroglobulin and its proteolytic degradation in lysosomes (2) . This actin-dependent process might well depend on cAMP-dependent inactivation of Rho proteins (6) . Thyroid hormone secretion requires intact tissue (follicle) architecture, and it was therefore studied in incubations of dog thyroid tissue slices. As shown in Fig. 8C , the secretions of T 3 and were equally stimulated by forskolin and the PKA-selective cAMP analog 6-MB. Again, the Epac-selective analog, administered alone or combined with various concentrations of 6-MB, did not affect basal or stimulated thyroid hormone secretion (Fig. 8C) .
Collectively, the present observations demonstrate that despite high expression of Epac1 and its further increase in response to TSH, all the physiologically relevant cAMP-dependent functions of TSH studied in dog thyroid cells, including acute regulation of cell functions and delayed stimulation of differentiation expression and mitogenesis, are mediated only by PKA activation.
Discussion
Epac proteins have been shown to be involved in a broad range of cAMP-dependent but PKA-independent functions in a variety of tissues. These include exocytotic processes like insulin secretion (19, 21) , control of cell adhesion and cellcell-junction formation (58) , and control of ERKs and PKB with impact on cell proliferation (32, 47, 66) or cardiac hypertrophy (67) . The present study shows that Epac1, but not Epac2, is highly expressed in thyroid epithelial cells, consistent with the initial characterization of their transcripts in different human tissues (18) . Unexpectedly, at least two forms of Epac1 were detected in dog and human thyrocytes and WRT cells but not in FRTL-5 and PC Cl3 cells. They may either be translated from two Epac1 transcripts of similar size or reflect a yet-undefined posttranslational modification.
In view of the high concentration of Epac1 proteins and the multitude of well-defined physiologically relevant cAMP effects induced by TSH, ranging form cytoskeletal rearrangements, processes like macropinocytosis and lysosomal degradation required for T 3 /T 4 release, iodide transport, H 2 O 2 generation, and differentiation and mitogenesis stimulations, the thyrocytes would a priori be considered a perfect system to search for effects of Epac1. The system is ideal for the use of cAMP analogs as probes for PKA and Epac activation because the Epac-selective cAMP analog 8-pCPT2ЈOMe-cAMP gave a strong Rap1 activation at 3 m without affecting CREB phosphorylation at up to 300 m, whereas, conversely, PKA-selective cAMP analogs like 6-BNZ induced CREB phosphorylation without affecting Rap1 activity. FIG. 7 . Induction of thyroid-specific genes NIS, TPO, thyroglobulin (Tg), and Duox and E-cadherin and Epac1 expression by PKA-selective cAMP analogs in dog thyrocytes. Quiescent cells were cultured for 3 d in a basal medium without insulin supplemented with EGF (25 ng/ml) to reduce the expression of differentiation genes. The medium was then replaced by the same medium without EGF, and cells were stimulated for 48 h by forskolin (10 Ϫ5 M; F) or the PKA-selective cAMP analogs 6-MB-cAMP (500 M; 6-MB) or 6-BNZ-cAMP (500 M; 6-BNZ) alone or in combination with the Epac-selective cAMP analogs 8-pCPT-2ЈOMe-cAMP (20 M) . The NIS and TPO mRNA were detected by Northern blotting (NB) using total RNA. Tg, Duox, E-cadherin, and Epac1 proteins were detected by Western blotting (WB).
To our surprise 8-pCPT-2ЈOMe-cAMP induced the PKAindependent activation of Rap1 but was without any impact on the whole range of functions exerted by TSH through cAMP in dog thyrocytes, either used alone or combined with PKA-selective cAMP analogs. Thus, activation of Epac1 and the resulting activation of Rap1 are not instrumental as an intermediary, or even facilitator of PKA signaling, for all the main cAMP-dependent functions of TSH, like thyroid hormone synthesis and secretion, gene expression, mitogenesis, cytoskeletal rearrangements, as well as in the undefined cell signaling cascades leading to mammalian target of rapamycin-dependent p70 S6K1 activation and transcription of early genes such as c-myc and NGFIB (data not shown). Although we cannot formally exclude the possibility that 6-MB and 6-BNZ could bind to other elusive cAMP receptors (68) , the present demonstration that such PKA-selective cAMP analogs fully induced all these cAMP-dependent functions strongly suggests that PKA activation is sufficient to mediate the cAMP-dependent regulation of thyroid gland by TSH.
This conclusion clearly stands at variance with cAMPdependent but PKA-independent effects of TSH reported in rat thyroid cell lines, namely activation of Ras and Rap1 in WRT and FRTL-5 cells (49, 52, 62) leading to ERK activation in FRTL-5 cells (52) . These mechanisms could indeed explain that PKA activation could be required but not sufficient to mediate cAMP-dependent mitogenesis.
Several reasons could explain apparent discrepancies with our present conclusions. As previously discussed (5, 69) , the molecular logics of cAMP-dependent signaling of mitogenesis are at least partly different in primary cultures of dog and human thyrocytes vs. rat thyroid cell lines. Ras and the various MAPKs are not activated by cAMP in dog thyrocytes (10, 12) and therefore do not lead to cyclin D1 induction at variance with the situation observed in rat thyroid cell lines stimulated by cAMP. In PC Cl3 cells, the cAMP-dependent mitogenesis depends on the activity of Rap1B and its phosphorylation by PKA (51) . By contrast, Rap1A is reported to play an essential role in cAMP-regulated differentiation but not in mitogenesis in WRT cells (49) . Phosphorylation of activated Rap1 by PKA mediates the stimulation by TSH of PKB phosphorylation in WRT cells (49) , whereas it mediates the opposite effect in PC Cl3 cells (50) . Thus, even in the different rat thyroid cell lines, the reported role of Rap1 and the impact of its regulation by Epac and PKA vary substantially. This and other discrepancies cast doubts about the relevance of cell lines to study physiological consequences of cAMP elevation in the thyroid epithelium (5) .
The second reason is methodological. The previous conclusion that PKA activation was insufficient to mediate cAMP-dependent mitogenesis in WRT cells was based on the failure to induce DNA synthesis by microinjection of active cPKA (62) . Similarly, even in dog thyrocyte primary cultures, we failed to reproduce the cAMP-dependent stimulation of DNA synthesis and thyroglobulin accumulation by overexpressing cPKA (either by plasmid expression or microinjection of the protein in various protocols) (25) . From the present study, it is obvious that activation of the endogenous PKA is sufficient to mediate these effects of TSH, consistent with their inhibition by microinjection of the heat-stable PKA inhibitor (25, 70) . The failure of microinjected cPKA to fully reproduce the effect of endogenous PKA activation most probably must reflect its inability to replace the endogenous PKA in its right compartment, e.g. in a complex to a scaffold comprising the appropriate coanchored proteins. We previously noticed that microinjection of cPKA did not alter the capacity of TSH and forskolin to induce DNA synthesis in the injected cells (25) . This intriguing observation now indicates that endogenous activation of PKA can still produce unaltered responses in cells overwhelmed by free active cPKA, suggesting a tight channeling of at least some PKA-dependent signal transduction. This would point to an essential role of PKA regulatory subunits and their association with A-kinase anchoring proteins and substrate proteins in "AKAPosomes" (71) (72) (73) , which remain unexplored in thyroid cells.
The lack of impact of Epac-activated Rap1 on ERK activity, as observed in the present study, is not uncommon (27) , but it contrasts with reports from several cell systems (52) (53) (54) (55) 74) , including the Rap1-dependent activation of ERKs by RET/ PTC1 oncogene in PC Cl3 cells (75) . It might be related to the unique subcellular localization of Epac1 at the nuclear membrane but not at the plasma membrane (Fig. 3) (44, 45, 76) . Activation of Rap1 by Epac1 has been found to be confined to the perinuclear region (77) , which precludes its association with B-Raf and thus ERK activation (46) . Indeed, enforced targeting of Epac1 to plasma membrane can install its PKAindependent coupling to ERK (46) . In contrast to Epac1, Epac2 has been observed to very rapidly translocate to the plasma membrane in response to coincident stimulation by both Epac-selective cAMP analog and Ras activators (45) . As proposed by Li et al. (45) , it is thus possible that some of the differential effects of Rap1 activation by cAMP and its coupling to downstream effectors in different cell systems might be explained by the relative expression of the two Epac isoforms having distinct subcellular localization and/or regulation in response to Ras activation. On the other hand, when it promotes E-cadherin-mediated cell-cell adhesion in MDCK cells, overexpressed Epac1 is localized predominantly at the plasma membrane and cell junctions, which is associated with activation of Rap1 but not ERKs (78) .
Most effects of Epac on exocytotic processes have been ascribed to Epac2 (19) , whereas Epac1 is involved in other processes such as cell-cell adhesion (78) , cell adhesion and spreading (79) , or cell proliferation (66) . The role of the activation of Rap1 and other possible effectors by Epac1 at the perinuclear region remains enigmatic. In cell systems responsive to Epac and Rap1, the variety of effects of these signal transducers is very wide and does not suggest a universal role. Further studies should investigate whether this variability could depend in part on Epac subcellular localization. At variance with the situation reported in other cell types, the present study demonstrates that PKAs, but not Epac1, are the "multipurpose cAMP targets" in the physiologically relevant systems of dog thyroid cells.
The role of Epac1 in thyroid remains enigmatic. Certainly its high level and regulation of this level in thyrocytes suggest a physiological role. Although very unlikely in view of our studies also on fresh tissue slices, we cannot formally exclude the possibility that this role could be lost in the in vitro systems used and that it will be uncovered by the use of in vivo knockout systems. The observed delayed up-regulation of Epac1 at both mRNA and proteins levels by TSH and cAMP is unprecedented to our knowledge. It may be noted that thyrocytes exposed to a long-lasting cAMP stimulation have decreased cPKA level and a nearly complete down-regulation of the RI PKA subunits (80) . Thus, chronic elevation of cAMP levels profoundly alters the cellular concentrations of cAMP effectors in dog thyrocytes. The delayed cAMP-induced up-regulation of Epac1 hints that a major role of Epac may be to subtly modulate thyroid function after a long-lasting stimulation by cAMP rather than to mediate the more acute effects of TSH, which obviously are mediated by PKA.
